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Abstract 1. The present study was conducted to compare the susceptibility of congenic Fayoumi lines to
Eimeria tenella infection and to assess genetic differences in Eimeria egression.
2. Chickens were orally inoculated with 5 × 104 sporulated E. tenella oocysts and challenged with 5 × 106
oocysts on the 10th day after the primary infection.
3. The Fayoumi M5.1 line exhibited higher levels of body weight gain, less oocyst shedding and higher
percentages of B and CD4+/CD8+ T cells than the M15.2 chickens.
4. These results demonstrate that M5.1 line is more resistant to E. tenella infection than M15.2 line.
Furthermore, the percentage of sporozoite egress from peripheral blood mononuclear cells (PBMCs) was
higher in the M5.1 line.
5. The results of this study suggest that enhanced resistance of Fayoumi M5.1 to E. tenella infection may
involve heightened cell-mediated and adaptive immunity, resulting in reduced intracellular development
of Eimeria parasites.
INTRODUCTION
Fayoumi chickens, which originated in Egypt
(Ekarius, 2007), were reported to be resistant to
avian leukosis and to exhibit robust protective
responses against Eimeria maxima infection (Pinard-
Van Der Laan et al., 1998; Kim et al., 2008, 2009).
Two congenic lines, Fayoumi M5.1 and M15.2, have
a 99% inbreeding coefficient and are genetically
distant from broiler and Leghorn chickens (Zhou
and Lamont, 1999). These two chicken lines share
an identical genetic background except at the 16th
chromosome, which encodes the major histocom-
patibility complex (MHC) (Zhou and Lamont,
1999, 2003). The chicken MHC (B-complex) influ-
ences resistance or susceptibility to a variety of viral,
bacterial and parasitic diseases (Bacon, 1987;
Lamont, 1998) through distinct immune mechan-
isms that involve communication between the dif-
ferent cellular components of the immune system,
including T cells, B cells and antigen-presenting
cells (Lamont, 1998). Indeed, the cause and effect
relationships between MHC haplotypes and protec-
tive immune responses to coccidiosis in these
chicken lines were reported previously (Clare et al.,
1985; Lillehoj et al., 1989; Brake et al., 1997; Caron
et al., 1997). In previous studies from our laboratory,
the M5.1 chickens were more resistant to E. maxima
than theM15.2 animals. Furthermore, theM5.1 and
M15.2 lines exhibited differential expression of
immune-related cytokines after infection with
E. maxima (Kim et al., 2008).
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Moreover, in a recent study, it was demon-
strated that lymphocytes, particularly B cells,
CD4+ and CD8+ T lymphocytes, as well as antibo-
dies from Eimeria-infected chickens effectively
induce egress of intracellular E. tenella sporozoites
from host cells, which is an essential stage in the
life cycle and pathogenesis of Eimeria spp. (Dong
et al., 2011).
Apicomplexan parasites, such as Plasmodium,
Toxoplasma and Eimeria, comprise a large group of
human and/or animal pathogens, most of which
possess an apical complex containing characteris-
tic structures such as the conoid, rhoptries and
micronemes. Organisms of the phylum
Apicomplexa feature a complex life cycle consisting
of cell invasion, intracellular development and
propagation, morphogenesis and egression. In
general, infectious sporozoites rapidly enter host
cells aided by the glideosome, a molecular
machine that powers parasite motility, migration,
cell invasion and egression (Soldati-Favre, 2008).
The process of postinfection egress of several api-
complexan parasites was previously studied, with
the goal of identifying potential therapeutic
approaches to interrupt cell exit and thereby dis-
rupt the parasite’s life cycle (Roiko and
Carruthers, 2009).
Based on these results, it is hypothesised that
Fayoumi M5.1 chickens are more resistant to coc-
cidiosis than M15.2 chickens due to a distinct
immune mechanism. However, there is no infor-
mation regarding host–parasite interactions dur-
ing E. tenella infection of these animals. Therefore,
this study was conducted to compare the immune
responses of the B-complex disparate Fayoumi
M5.1 and M15.2 chicken lines to primary and
secondary E. tenella infection by measuring various
disease parameters, assessing lymphocyte popula-
tions and sporozoite egress from host cells.
MATERIALS AND METHODS
Animals, parasites and animal infection model
Two highly inbred MHC-congenic Fayoumi
chicken lines (M5.1 and M15.2, 50 birds/line)
were obtained from the poultry genetics program
at Iowa State University. The birds were housed in
Petersime starter brooder units
(91 cm × 76 cm × 25 cm) (Zulte, Belgium) and
provided with food and water ad libitum under
coccidian-free conditions. Birds were fed an anti-
biotic free, certified organic starter diet contain-
ing 170 g crude protein (CP)/kg between d 1 and
14, followed by a standard grower diet containing
240 g CP/kg. All experiments were approved and
followed by the United States Department of
Agriculture (USDA)-Agricultural Research
Service Beltsville Animal Care and Use
Committee.
Four-week-old M5.1 and M15.2 birds were
orally inoculated with 5 × 104 E. tenella oocysts
and then challenged with 5 × 106 E. tenella oocysts
at 10 d post-primary infection (PPI) (10 birds/
group). Twenty naïve birds per line were kept in
a separate room and used as a negative control.
Sporulated oocysts of E. tenella (Beltsville strain
WLR-1) were used for oral infection and for the
preparation of sporozoites for the egression study
(Lee et al., 2013). Fresh preparation of sporozoites
was carried out by excystation of sporulated
oocysts, as described previously (Lee et al.,
2013a). Briefly, freshly sporulated oocysts were dis-
rupted with 0.5 mm glass beads for 5–7 s using a
Mini-beadbeater at homogeniser level (BioSpec
Products, Bartlesville, OK, USA). To obtain sporo-
zoites, the released sporocysts were purified by
isopycnic centrifugation on a percoll gradient,
washed in ice-cold phosphate-buffered saline
(PBS), and treated at 41°C for 30 min with 0.25%
trypsin and 0.014 M taurocholic acid (Sigma,
St. Louis, MO, USA). The sporozoites were then
collected by filtration, washed three times with
Hank’s Balanced Salt Solution (HBSS, Sigma),
centrifuged at 3000 × g for 10 min at 4°C and
resuspended at a concentration of 1.0 × 106 spor-
ozoites/ml in complete RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS,
Sigma), 100 units/ml penicillin and 100 μg/ml
streptomycin (Sigma).
Measurement of body weight and faecal oocysts
The body weight of each chicken was measured
using a scale (Sartorius CP34001P, Goettingen,
Germany) at d 0, 9 d PPI, and again at d 9 post-
secondary infection (PSI). Faeces were collected
between 5 and 9 d PPI or PSI, and E. tenella oocyst
output was calculated, as previously described,
using a McMaster counting chamber (Marienfeld-
Superior, Lauda-Königshofen Germany) (Lee et al.,
2013b). The total number of oocysts was calculated
according to the following formula:
Total oocysts ¼ Oocysts counted Dilution factor
 ðFaecal sample volume=
Counting chamber volumeÞ:
Antigen-specific serum antibody response
A total of 5 ml of blood samples were obtained
from chickens by cardiac puncture with 0.1 M
EDTA-coated 10 ml syringe (23G) following
euthanasia. Blood samples from naïve birds were
used as negative controls. Serum was collected by
centrifugation and the levels of IgY antibodies
against E. tenella were measured against recombi-
nant profilin protein, which is a coccidial antigen,
by enzyme-linked immunosorbent assays (ELISA),
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as described by Lee et al. (2012a). Briefly, 96-well
flat-bottom microtiter plates were coated with 1 µg
profilin in 100 µL of 0.1 M carbonate buffer and
incubated overnight. Plates were washed with
0.05% Tween in PBS (PBS-T), and blocked with
1% bovine serum albumin (BSA) in PBS-T for 1 h
at room temperature on a plate shaker. Serum
samples were then added to the plates, incubated
for 2 h with continuous gentle shaking and
washed with PBS-T. PBS containing 0.1% BSA
was included as a negative control. A total of
100 µl of horseradish peroxidase (HRP)-conju-
gated rabbit anti-chicken IgY (Sigma) was added
to each well and incubated for 30 min at room
temperature with gentle shaking. The plates were
washed with PBS-T and incubated with 100 µl of
the 3,3´,5,5´-Tetramethylbenzidine (TMB) sub-
strate (Sigma), and the optical density (OD) was
read at 450 nm using an automated microtiter
plate reader (Bio-Rad, Hercules, CA, USA).
Flow cytometric analysis of lymphocyte
subpopulations
Spleens were harvested from three chickens per
group at d 7 PSI. Splenic single-cell suspensions
were prepared and resuspended in FACS buffer
(Ca2+- and Mg2+-free (CMF)-HBSS without phenol
red, containing 3% FBS and 0.01% sodium azide),
according to the method described by Lee et al.
(2012b). Samples of the single-cell suspensions
(1.0 × 106 cells/sample) were incubated with
100 μl of CD4-, CD8α-, or Bu-1a-specific mouse
anti-chicken monoclonal antibodies (mAbs) for
30 min on ice. Additionally, cells incubated with
mouse mAbs specific for human HB2 (human T
cell marker) and K55 (pan chicken lymphocyte
marker) were utilised as negative and positive
controls, respectively. The cells were then washed
twice with 2.0 ml of PBS buffer, incubated on ice
for 30 min with fluorescein isothiocyanate (FITC)-
conjugated rabbit anti-mouse IgG secondary Ab
(1:64) (Sigma), washed twice, resuspended in
1.0 ml FACS buffer, and analysed with a
FACSCalibur flow cytometer (Becton Dickinson
and Co., Franklin Lakes, NJ, USA). Data was
obtained from a total of 1.0 × 104 viable cells.
Egress assays
Egress assays were carried out as described in a
previous publication (Dong et al., 2011). Peripheral
blood mononuclear cells (PBMCs) and splenic lym-
phocytes were prepared separately. PBMCs
obtained from healthy M5.1 or M15.2 chickens
were cultured in 24-well tissue culture plates includ-
ing glass slides using 10% complete IMDM (Iscove’s
Modified Dulbecco’s Medium) supplemented with
10% FBS, 10 mM HEPES buffer, 100 units/ml peni-
cillin and 100 μg/ml streptomycin at 41°C. After
reaching up to approximately 80% confluence,
PBMCs were incubated with 1.0 × 105 freshly pre-
pared E. tenella sporozoites overnight. Free parasites
were removed by washing with CMF-HBSS at 41°C.
Intracellular parasites were then exposed to E.
tenella-primed or naive splenic lymphocytes for 3 h.
After washing twice with CMF-HBSS, PBMCs were
fixed by incubating with cold absolute methanol for
5 min and permeabilised by treatment with 0.05%
Triton X-100 in PBS for 5 min. In order to measure
egressed parasites, glass slides containing fixed
PBMCs were incubated withmouse anti-Eimeria anti-
bodies (Krucken et al., 2008; Dong et al., 2011) for
30 min at 4°C, washed and incubated with Alexa
Fluor 488-conjugated goat anti-mouse IgG second-
ary antibody (Invitrogen, Carlsbad, CA, USA) for
30 min at 4°C. Intracellular parasites in PBMCs
were counted by fluorescence microscope (Carl
Zeiss, Thornwood, NY, USA). The percentage of
egress was calculated using the following formula,
as previously described (Dong et al., 2011):
Egress (%) = 100 × (Number of intracellular
parasites in the non-treatment group−Number of
intracellular parasites in the treatment group)/
Number of intracellular parasites in the non-treat-
ment group.
Statistical analysis
Data were expressed as means ± SEM, and the mean
values from each treatment group were compared
using Student’s t-tests. Differences between means
were considered to be statistically significant at
P < 0.05. All data were evaluated using IBM SPSS
software (SPSS 20.0 for Windows, Chicago, IL).
RESULTS
Body weight and faecal oocyst output
We compared the body weight gains between 0
and 9 d PPI and PSI of uninfected (control) and
E. tenella-infected Fayoumi M5.1 and M15.2 chick-
ens. As depicted in Figure 1, there was no differ-
ence in weight gain after 9 d PPI between the
M5.1 uninfected and E. tenella-infected groups.
Conversely, the M15.2 chickens infected with E.
tenella exhibited significantly lower weight gains
than the uninfected M15.2 control group
(P < 0.05). Meanwhile, after secondary infection
with E. tenella, both the M5.1 and M15.2 chickens
showed significantly reduced body weights
between 0 and 9 d PSI compared to those of the
uninfected control groups, respectively. However,
the average weight loss of the M5.1 chickens was
significantly less than that of the M15.2 chickens
(32.7% in M5.1 [P < 0.05] vs. 39% in M15.2
[P < 0.01]) compared with their respective unin-
fected control animals.
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The faecal oocyst output of M15.2 chickens
was significantly higher than that of the M5.1
animals between 5 and 9 d PPI and 5 and 9 d
PSI (Figure 2). Specifically, the M15.2 group
exhibited 54% higher oocyst production than
the M5.1 group between 5 and 9 d PPI, and 67%
higher production than the M5.1 group between
5 and 9 d PSI.
Serum Ab response to profilin protein
The Ab response to profilin was measured using
serum from chickens infected with E. tenella at
both d 6 PPI and d 6 PSI. The M5.1 chickens
exhibited significantly higher serum Ab levels
than the M15.2 chickens at both time points
(P < 0.05) (Figure 3). In other words, the M5.1
chickens produced higher serum Ab responses to
profiling results from E. tenella than the M15.2
animals at 6 d PPI and PSI.
Comparison of splenic lymphocyte
subpopulations
Figure 4 depicts the major lymphocyte subpopula-
tions in the spleens of uninfected and E. tenella-
infected M5.1 and M15.2 chickens. Interestingly,
only the M5.1 chickens exhibited increases in
CD4+/CD8+ and Bu-1a-positive cells (approxi-
mately a 62% increase in both populations) fol-
lowing E. tenella infection compared to the
number of these cells in the uninfected control
chickens, but not in the M15.2 chicken.
Sporozoite egress mediated by primed
lymphocytes
PBMCs treated with M5.1-primed splenocytes for
3 h exhibited a 4.3-fold increase in sporozoite
egression compared to those treated with naïve
splenocytes. Meanwhile, PBMCs treated with
M15.2-primed splenocytes also exhibited a 3.5-
fold increase in sporozoite egression compared
to those treated with naïve splenocytes at 7 d PSI
(Figure 5).
DISCUSSION
Previous studies reported that two B-congenic
Fayoumi chicken lines, M5.1 and M15.2, which
share an identical genetic background except at
the MHC locus (Zhou and Lamont, 1999, 2003),
displayed differences both in resistance to E. max-
ima infection and in the expression of various
immune system-related genes (Kim et al., 2008,
2009). Because the MHC plays an integral role
in determining the T cell composition and the
host immune response to pathogens, we hypothe-
sised that many aspects of the immune response
of these chickens to E. tenella infection, including
Figure 1. Body weight gains of Fayoumi M5.1 and M15.2 chickens after infection with E. tenella oocysts. Body weight gain was measured
by the difference of the body weights between d 0 and 9 d PPI or PSI. Each bar represents the mean ± SEM values for each group (n = 10).
*P < 0.05, **P < 0.01, compared to the uninfected control according to the t-test.
Figure 2. Faecal E. tenella oocyst shedding of Fayoumi M5.1
and M15.2 chickens after infection with E. tenella oocysts. Oocyst
numbers were determined using a McMaster chamber and
expressed per bird. Each bar represents the mean ± SEM values
for each group (n = 10). Significant difference between M5.1 and
M15.2 chickens was expressed as *P < 0.05 according to the t-test.
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humoral immunity, lymphocyte subsets and para-
site egression, may differ.
As expected, M5.1 and M15.2 chickens
infected with E. tenella differed from each other
in both body weight change and faecal oocyst
shedding, which are two of the most important
disease parameters for evaluating genetic suscept-
ibility to Eimeria infection. While there was no
significant body weight loss in the M5.1 line fol-
lowing primary infection with 5 × 104 oocysts of E.
tenella, there was a significant decrease in the body
weights of the infected M15.2 chickens compared
with those of the uninfected chickens (P < 0.05).
In contrast, secondary infection with high doses of
E. tenella oocysts (5 × 106) significantly decreased
the body weights of both the M5.1 and M15.2
chickens between d 0 and 9. Thus, in regard to
body weight gain, the two B-congenic Fayoumi
chicken lines showed significant differences in
resistance to E. tenella. In addition, the M15.2
line chickens produced more oocysts than the
M5.1 line after both primary and secondary infec-
tions. It is likely that the differences in oocyst out-
put after primary infection were due to
differences in the efficacy of the innate immune
responses of these animals.
Cell-mediated and humoral immunity were
associated with resistance/susceptibility to
E. tenella in congenic chicken lines. Indeed, chick-
ens develop strong humoral responses following
initial and secondary exposure to E. tenella, indicat-
ing the important role of the adaptive humoral
Figure 3. Serum antibody response to profilin in M5.1 or M15.2 chickens infected with E. tenella. Blood serum was collected by cardiac
puncture at the time of killing at 6 d PPI and d 6 PSI. Each bar represents the mean ± SEM (n = 3). Significant difference between
uninfected control and infected groups in M5.1 and M15.2 chickens was expressed as *P < 0.05.
Figure 4. Spleen lymphocyte subpopulations expressing CD4/CD8 and Bu-1a in M5.1 and M15.2 chickens at 7 d PSI. The spleens were
collected from three birds per group at 7 d PSI (n = 3) and splenocytes were stained with mAbs to each cell surface marker. Data was obtained
from a total of 1.0 × 104 viable cells. CD4/CD8 was expressed as % of CD4 cell number divided by CD8 cell number. Significant difference
between uninfected control and infected was expressed as * P < 0.05.
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immune system in controlling coccidiosis (Lillehoj
et al., 1989). Notably, serum Ab responses to profi-
lin were higher in the E. tenella-infected M5.1 line
than in infected M15.2 chickens at both 6 d PPI
and 6 d PSI.
Many studies have demonstrated an associa-
tion between distinct chicken MHC loci and the
levels of antibody production to various antigens
(Lamont, 1998; Weigend et al., 2001). Additionally,
the mechanisms of protective immunity to cocci-
diosis are thought to depend on T cells (Elaine
Rose and Long, 1971; Giambrone et al., 1980; Lee
et al., 2011). In a previous study, we detected differ-
ences between these two Fayoumi chicken lines in
the expression of immune system-related genes
within the spleen after E. maxima infection (Kim
et al., 2008). Thus, the quantitative differences in
the number of T cells influenced the qualitative
aspects of cellular immunity. In a conflicting
report, however, Cheeseman et al. (2004) found
no significant difference in the percentages of
cells expressing CD3, CD4, CD8, CD14 and Bu-1a
positive leukocytes in peripheral blood leukocytes
between healthy, adult Fayoumi M5.1 and M15.2
chickens. Therefore, further studies on the cellular
mechanisms governing resistance to coccidiosis are
necessary.
The present study was also conducted to inves-
tigate the interplay between the host’s adaptive
immune system and Eimeria egression. Egress,
which is the process that certain intracellular para-
sites exit from parasitophorous vacuoles and host
cells, is an essential component of the parasite life
cycle and is central to Eimeria propagation and
pathogenesis. Despite the importance of egress in
the life cycle of intracellular parasites, the mechan-
ism by which this process occurs is poorly under-
stood, particularly in comparison to other steps in
the life cycle, for example, invasion. In this study,
premature egression of sporozoites from E. tenella-
infected chicken PBMCs occurred when the cells
were co-cultured in vitro with splenic lymphocytes
from E. tenella-infected chickens, but not when they
were co-cultured with splenocytes from uninfected
chickens. In a previous study, Eimeria-specific anti-
bodies and cytokines (IFN-γ, IL-2 and IL-15)
derived from E. tenella-primed B and T lympho-
cytes, respectively, were capable of promoting pre-
mature egress of sporozoites from infected host
cells. Both the host cells and parasites were viable,
although the latter showed reduced reinvasion abil-
ity (Dong et al., 2011). These results suggest a novel
or immune-mediated mechanism that the host
exploits to interrupt the normal Eimeria life cycle
in vivo and thereby block the release of mature
parasites into the environment. The parasite egress
activity was enhanced in E. tenella-infected M5.1 line
compared to M15.2 line. These results confirm that
E. tenella-infected M5.1 and M15.2 chickens exhibit
different levels of anti-parasite effector cell activity
due to differences in the B-complex genes (Caron
et al., 1997).
In conclusion, two Fayoumi chicken lines
with different MHC loci responded differently
to primary and secondary E. tenella infections.
Specifically, the M5.1 line exhibited lower
oocyst shedding, higher CD4+/CD8+ T cell
population, and heightened parasite egress
with reduced intracellular parasite develop-
ment than the M15.2 line. Although further
studies are needed to investigate the associa-
tion between sporozoite egress and host resis-
tance to E. tenella infection in detail, these
studies may provide crucial information to dis-
cern differences in the immune responses to
parasitic pathogens.
Figure 5. Primed splenic lymphocyte-mediated sporozoite egress in two Fayoumi chicken lines. Splenocytes were collected from control and E.
tenella-infected chickens (n = 3) at 7 d PSI. Data point represents the mean ± SEM. Significant difference between uninfected control and
infected groups in M5.1 and M15.2 chickens was expressed as *P < 0.05.
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